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Pneumonia is the leading cause of mortality in children under 5 years of age and is responsible for ∼1.2 million early-childhood deaths annually. 1, 2 The burden of illness is disproportionately borne by low-and middle-income countries (LMICs); of 156 million new cases of pneumonia, 151 million are in LMICs, and .99% of pneumonia deaths are in LMICs. 1, [3] [4] [5] Children who die of pneumonia ultimately die of respiratory failure, unable to deliver sufficient oxygen to vital organs. As pneumonia progresses, hypoxemia ensues from ventilation-perfusion ( _ V/ _ Q) mismatch. In many cases, these children are at increased risk of respiratory failure because of underlying comorbidities or other risk factors. 3 Nearly 140 million people live at high altitude, many of them in LMICs. 6 The hypoxia caused by low oxygen tension at high altitude is well tolerated in healthy individuals, but in patients with lung disease, the combination of low alveolar partial pressure of oxygen with _ V/ _ Q mismatch can be fatal. 6 Pneumonia, the most common lung disease in children and adults, is more common and more severe at high altitude. At higher altitudes there is a higher incidence of childhood pneumonia, 7 a higher rate of hospitalization for pneumonia, 8 and an increase in mortality in children with viral and bacterial pneumonia. 9, 10 Anemia is widely prevalent among young children in LMICs, affecting 45% of preschool children worldwide and .65% of preschool children in Africa and Southeast Asia. 11 In many cases, anemia is a marker for underlying malnutrition or comorbidities that increase the severity of pneumonia and risk of poor outcome. Anemia increases the risk of pneumonia 12, 13 and the risk of hospitalization for pneumonia. 14 With the combination of hypobaric hypoxia, reduced oxygen-carrying capacity, and _ V/ _ Q mismatch, children with anemia living at high altitude might be at greater risk of adverse outcomes from pneumonia. We hypothesized the following in young children with severe pneumonia: (1) children living at high altitude present with greater clinical severity, (2) children with anemia who live at high altitude are at greater risk of adverse outcomes, and (3) children at high altitude have more prolonged hypoxemia during treatment of pneumonia. Therefore, we evaluated the effect of altitude and anemia on poor outcomes in young children with World Health Organization (WHO)-defined severe pneumonia 15 by using data from the previously completed Severe Pneumonia Evaluation Antimicrobial Research (SPEAR) study. 16 
METHODS

Study Design
The SPEAR study enrolled 958 children aged 2 to 59 months who were hospitalized with severe pneumonia between The eligibility criteria have been described previously. 16 In brief, inclusion criteria were age 2 to 59 months and WHO-defined severe pneumonia 15 (reclassified from the previous WHO definition of "very severe pneumonia," defined as cough or difficulty breathing plus $1 of the following: [1] Treatment failure at 10 to 12 days and 21 to 30 days was defined as the above plus relapse (hypoxemic pneumonia). Anemia was defined according to the WHO standards for children under 5 years of age as hemoglobin #11 g/dL. 17 Oxygen saturation was measured at fixed intervals (4 times per day while the ARTICLE subjects were hospitalized and at each follow-up visit) by using pulse oximetry while the patient was breathing room air.
Statistical Methods
Statistical analyses were performed in SAS version 9.3 (SAS Institute Inc, Cary, NC). Baseline characteristics of children at high altitude versus low altitude were compared by using Pearson' s x 2 for dichotomous variables, Student' s t test for normally distributed variables, and the Wilcoxon rank sum test for variables with a skewed distribution. For patients in whom hematocrit was measured instead of hemoglobin, hemoglobin was calculated on the basis of the age-adjusted prediction formula reported by Quintó et al 18 : hemoglobin = (hematocrit -0.22 3 age)/(3.27 -0.02 3 age). Univariate analyses were conducted in PROC GENMOD using binary regression.
We examined effect modification of the association between anemia and treatment failure by formally testing the interaction term (anemia 3 altitude) in a multivariate model. Once interaction was assessed, the effect of anemia at high and low altitudes was assessed by constructing separate models for highand low-altitude sites by using PROC GENMOD, which included treatment group, anemia, known confounders as main effects, and study site as a repeated effect assuming exchangeable correlation within sites. Hemoglobin was also evaluated as a continuous variable in a similar multivariate model.
Among hypoxemic patients, we evaluated time to resolution of hypoxemia in the high-altitude and low-altitude sites, constructing time-to-event curves by using the Kaplan-Meier method. We also compared rates of resolution of hypoxemia by using a multivariate Cox proportional hazards model that included age, gender, treatment group, anemia, baseline oxygen saturation, heart rate, systolic blood pressure, weight, and treatment site as a random effect. Resolution of hypoxemia was defined as a persistent oxyhemoglobin saturation (SpO 2 ) .90% during the course of the study. A sensitivity analysis was also performed by using lower thresholds for normoxemia (SpO 2 .88% or .85%) for the patients at high altitude.
P , .05 was considered significant for all hypothesis testing. Based on the fixed sample size of 955 (3 had missing data on treatment outcome) in which 26 of 193 patients failed treatment at high altitude and 143 of 762 patients failed treatment at low altitude, our study had 95% power to detect a relative risk (RR) of treatment failure of 1.7.
Ethics
Families of patients who participated in the SPEAR study provided informed consent after reviewing the risks and benefits of participation. The SPEAR study was approved by the institutional review boards of all hospitals participating in the study, the WHO, the Boston University School of Public Health, and 
RESULTS
A total of 193 (20%) children were living at the 2 high-altitude sites (Sana' a, Yemen, and Mexico City, Mexico), and 765 patients were living at the remaining 6 low-altitude sites (Dhaka, Bangladesh; Guayaquil, Ecuador; Multan, Pakistan; Chandigarh, India; Rawalpindi, Pakistan; Lusaka, Zambia).
The baseline characteristics of the patients are summarized in Table 1 .
Patients at high altitude were slightly older, more likely to be female, had lower weight for age, and had lower rates of being up to date with immunizations but were less likely to be classified as anemic (by using the WHO standard of 11 g/dL). The median hemoglobin in patients at high altitude was 10.3 vs 10.0 g/dL at low altitude (P , .0001). The most notable differences in severity of presentation were in prevalence of severe hypoxemia and When anemia, high altitude, and their interaction were examined in a multivariate model that adjusted for potential confounders and study site, a significant interaction was observed between high altitude and anemia (P for interaction , 0.0001).
On the basis of the finding of interaction between altitude and anemia, separate models were constructed stratifying by altitude (see Table 2 ). After adjusting for potential confounders, anemia on presentation was found to be a strong independent predictor of treatment failure at high altitude (RR: 4.07; 95% CI: 2.60-6.38). At low altitude, anemia did not predict treatment failure (RR: 1.12; 95% CI: 0.96-1.30).
The effect of hemoglobin was also evaluated as a continuous variable. For each 1-g/dL increase in hemoglobin, the risk of treatment failure decreased by 35% (RR: 0.65; 95% CI: 0.50-0.86). At high altitude, a dose-response effect of hemoglobin on treatment failure was observed, with the greatest effect in the lowest quartile of hemoglobin (RR: 3.70; 95% CI: 1.84-7.4). No doseresponse relationship was observed at low altitude (see Fig 2) .
When the specific subtypes of treatment failure were examined, a significant difference was found in rates of persistent hypoxemia (RR: 4.8; 95% CI: 2.1-10.8). On the basis of this finding, we evaluated the course of recovery of normoxemia (defined as persistent SpO 2 .90%) in patients at high and low altitudes. The median time to normoxemia at low altitude was 0.75 days, whereas the median time to normoxemia at high altitude was 5.25 days (Fig 3) . In a multivariate Cox proportional hazards model adjusting for age, gender, treatment group, anemia, baseline oxygen saturation, heart rate, systolic blood pressure, weight, and site (as a random effect), high altitude was associated with a significantly lower rate of 
DISCUSSION
In a large clinical trial in young children treated for WHO-defined severe pneumonia across 8 sites in 7 low-resource countries, children at high altitude presented with significantly more severe hypoxemia and cyanosis than children at low altitude and took longer to recover from hypoxemia. Furthermore, children with anemia at high altitude had a significantly increased risk of poor outcome. This effect was not observed at low altitude, indicating that in young children with severe pneumonia, the combination of high altitude and anemia is of particular concern.
For healthy individuals living at high altitude, low ambient oxygen tension is reflected in a lower blood oxygen content, activating hypoxia-inducible transcription factors that increase erythropoietin and drive bone marrow hematopoiesis. 19 This process depends on the availability of iron and other substrates required for hemoglobin synthesis. Children with nutritional iron deficiency, hemoglobinopathies, chronic inflammatory states, and malaria are unable to mount a sufficient response to the demands of high altitude.
Widely prevalent throughout many lowincome nations, both anemia and underlying micronutrient deficiencies are particularly concerning at high altitude 20 ; and as was observed in our study, young children in high-altitude settings are at higher risk of malnutrition. A high prevalence of undernutrition and anemia has been documented in many high-altitude locations, [21] [22] [23] including Nepal, where according to the 2011 Nepal Demographic and Health Survey, .70% of children under 18 months are anemic and 40% of children under age 5 years are stunted. 24 In addition to nutritional factors, some ethnic groups living at high elevations (eg, Yemen, a site for this study) have a high prevalence of hemoglobinopathies, which may worsen the degree of anemia. 25 In many ways, pneumonia is a "stress test" for patients with hypobaric hypoxia and underlying anemia, revealing significant gaps in the spectrum of prevention and treatment. Clinical and 
FIGURE 3
Time to normal oxygen saturation (SpO 2 .90%) by altitude. HR, hazard ratio.
research priorities should include strategies for the prevention of anemia 26 (especially in those with respiratory infection), appropriate triage of children with severe pneumonia, 15 and increasing the availability of supplemental oxygen to children with respiratory illnesses. 27 Although prevention and treatment of anemia are clearly important, many questions regarding the optimal timing and method of treatment remain unanswered, as well as the relationship of anemia to incident infections. [28] [29] [30] Our findings must be interpreted in the context of the study design, which highlights some of the limitations of the study. First, it is difficult to separate the effect of altitude from the effect of the unique characteristics of each treatment site. Whereas clinical protocols were standardized across sites, some differences likely remain. To address this concern, potential confounders were included in the model adjusting for variation in demographic, nutritional, and clinical characteristics, and the multivariate generalized estimating equation model accounted for site as a repeated effect.
Second, the effect of altitude on presentation and outcome of pneumonia likely reflects several different components that are difficult to study separately. Because individuals cannot be randomly assigned to high-or lowaltitude sites, it is difficult to study the effect of altitude in isolation. Differences between high-and low-altitude populations may reflect differences in nutritional patterns, exposure to indoor and outdoor air pollution, microbial epidemiology, and genetic risks for disease. There is evidence that among patients living at high altitude, the effect of anemia is greater in those who are exposed to air pollution. 14 Furthermore, individuals living at high altitude are at risk of pulmonary hypertension, 31 and exacerbation of underlying pulmonary hypertension may contribute to poor outcomes in young children at altitude with pneumonia. Regardless of the underlying mechanism of these differences, the findings of the current study highlight the need for special attention to this population. The complex interplay of chronic hypoxia, anemia, and underlying pulmonary hypertension renders some children unable to appropriately respond to respiratory infections, and these children represent a particularly vulnerable population in need of further study.
Third, the SPEAR trial included patients primarily at low (,500 m) and high (∼2500 m) altitudes, making it impossible to study the effects of altitude across a broad range of elevations. In addition, the trial was limited to children with severe pneumonia. Further studies are needed to understand the intersection of anemia and altitude at a variety of elevations and clinical severity.
CONCLUSIONS
This study reveals that young children with severe pneumonia living at high altitude present with significantly more severe hypoxemia than do children at low altitude, that children at high altitude take longer to recover from hypoxemia, and that anemia at high altitude increases the risk of poor outcome.
Prevention and treatment of anemia should be a high priority in young children living at high altitude, and addressing this risk factor could reduce morbidity and mortality from severe pneumonia.Furtherstudyis needed to determine the optimal strategies for preventing and treating anemia in the setting of pneumonia.
